We sought to study arterial endothelial function and carotid intima-media thickness (IMT), both early markers of atherosclerosis, in overweight compared to normal children. DESIGN: Case-control comparison. SUBJECTS: A total of 36 asymptomatic overweight children (body mass index (BMI)423; mean 2573) aged 9-12 y and 36 age-and gender-matched nonobese healthy children (BMIo21) from a school community. MEASUREMENTS: The key parameters were: BMI, arterial endothelial function (ultrasound-derived endothelium-dependent dilation) and carotid artery IMT. The secondary parameters measured included body fat content, waist-hip ratio (WHR), blood pressures, blood lipids, insulin and glucose. RESULTS: The two groups were well matched for blood pressures, cholesterol and glucose levels, but BMI (Po0.0001), body fat (P ¼ 0.001), WHR (Po0.05), fasting blood insulin (P ¼ 0.001) and triglyceride levels (Po0.05) were higher in obese children. Overweight was associated with impaired arterial endothelial function (6.672.3 vs 9.773.0%, Po0.0001) and increased carotid IMT (0.4970.04 mm vs 0.4570.04 mm, P ¼ 0.006). The degree of endothelial dysfunction correlated with BMI (Po0.003) on multivariate analysis. CONCLUSION: Obesity, even of mild-to-moderate degree, is independently associated with abnormal arterial function and structure in otherwise healthy young children.
Introduction
The prevalence of obesity in adults is increasing rapidly in the developing world, having already become extremely common in industrialised nations. 1 Although subjects with obesity have an increased risk of coronary atherosclerosis, the role of obesity as an independent risk factor has remained controversial, because of its frequent coexistence with other cardiovascular and metabolic disorders in adults, such as hypertension, dyslipidaemia and insulin resistance. 2 In children too, the prevalence of obesity is increasing rapidly, 3 although coexisting vascular risk factors are uncommon in the paediatric age group. 4 Atherosclerosis is a complex multifactorial disease, the earliest stages of which are known to commence in childhood. 5, 6 Arterial endothelial dysfunction is an early abnormality during atherogenesis, and is a marker of arterial damage which precedes plaque formation. 7 Endothelial dysfunction has been associated with hyperlipidaemia, diabetes mellitus and cigarette smoking in teenagers and young adults, for example, and is predominantly due to decreased bioavailability of nitric oxide (NO) in the vessel wall. 7 Similarly intima-media thickening is a surrogate marker of atherosclerosis burden, predictive of cardiovascular and stroke events in asymptomatic adults, 8 and has been associated with type I diabetes mellitus 9 and family hypercholester-olaemia 10, 11 in children. The presence of arterial dysfunction has been reported in grossly obese children. 6 In order to assess the relationship between less severe obesity in children, which is even more prevalent, and arterial dysfunction and thickness, we studied vascular reactivity and intima-media thickness (IMT) in nonobese and overweight children, who were otherwise well matched for cholesterol and blood pressure levels.
Subjects and methods
Subjects. Asymptomatic overweight children (body mass index (BMI)423) 12 and age-and gender-matched nonobese children (BMIo21) in Hong Kong were recruited. To be eligible, all of the nonobese and overweight children had to have no known medical illness, a negative family history of premature cardiovascular disease, be stable in the previous year and been taking no regular medications or vitamin supplementation, and have resting brachial artery diameter 42.5 mm (previously shown by us to be the optimal size for vascular reactivity testing). 13 The nonobese (control) children were recruited from our database of a community-based cohort of 149 healthy asymptomatic children aged 7-12 y, being followed up at our hospital for a study of growth and nutrition, but not for any other medical reasons.
14 Of these, 36 had a BMIo21, met the eligibility criteria as above, and consented to participate. For the recruitment of overweight children, invitations to participate were sent to seemingly overweight (for at least 2 y) children aged 9-12 y via school teachers in 13 local primary schools. In all, 170 children and their parents showed interest and were invited to the hospital for basic anthropometric measurements. All children who were overweight (BMI [23] [24] [25] [26] [27] [28] [29] [30] ). Blood pressure was measured at rest using standard mercury sphygmomanometry. Fasting serum cholesterol and triglycerides were assayed enzymatically by using the Boehringer Mannheim Hitachi 911 analyser. High-density lipoprotein cholesterol (HDL-C) was measured after precipitation with phosphotungstate magnesium. Low-density lipoprotein (LDL) cholesterol was calculated by means of the Friedewald formula. The hospital laboratory performing the lipid analyses is currently accredited with intra-assay imprecision of cholesterol measurement o3% and accuracy standardised by the Center for Disease Control -National Heart, Lung and Blood Institute (US) programme.
Arterial reactivity and wall thickness studies
The ultrasound method for measuring endothelium-dependent and independent dilation was performed as described previously. 17 In brief, the diameter of the brachial artery was measured from high-resolution B-mode ultrasound images at rest, in response to reactive hyperaemia (with increased flow producing endothelium-dependent dilation (EDD)), again at rest and after sublingual nitroglycerin (400 mcg) (NTG, an endothelium-independent vasodilator). Reactive hyperaemia was induced by inflation of a pneumatic tourniquet placed around the forearm (distal to the segment of the artery being scanned) to a pressure of 200 mmHg for 4.5 min, followed by a release. The whole procedure produced minimal discomfort and has been well tolerated. Arterial diameter above the cuff was imaged and measured with the use of a 7.5-MHz median frequency linear array transducer (L10-5) and a standard Advanced Technology Laboratories 5000 system. Arterial flow measurements were derived from the Doppler flow-velocity signal, the vessel size and the heart rate. 7, 17, 18 All ultrasonographic scans were performed within 1 week of hospital visit and blood taking, by the same operator, who was blinded to the identity of studied subjects and stage of the experiment at the time of off-line measurement 1-2 months after acquisition. The accuracy, reproducibility and low interobservation error for such measurements of arterial physiology have been documented previously by us. 19 EDD of the brachial artery is an indicator of endothelial function and, mainly due to NO release by the endothelium, 20 correlates well with coronary endothelial function in the same subjects 21 and appears to be predictive of cardiovascular events. 22 NTG-induced dilation, on the other hand, reflects the direct effect of NTG, a potent NO donor, on vascular smooth muscle independent of endothelial function. Reactive hyperaemia was calculated as the maximum 
Statistical analysis
Descriptive data are expressed as mean7standard deviation.
The clinical characteristics of the overweight and control subjects were compared by use of paired t-tests. The key parameters of the study were BMI, EDD and carotid IMT; all other comparisons were adjusted for multiple tests by use of Hochberg's modification of the Bonferroni procedure. 26 The determinants of EDD-and NTG-induced dilation were assessed by univariate and multivariate linear regression analyses using Statistical Package of Social Sciences (version 10), with BMI, body fat, blood LDL-cholesterol, triglycerides and insulin entered as the independent variables. Statistical significance was inferred at a two-tailed P-value of o0.05.
Results
As expected, the BMI, body fat content, waist-hip ratio (WHR), fasting blood insulin and triglycerides were significantly higher in the overweight compared with the control children ( Table 1) . The two groups, however, were well matched for age, gender, blood pressure, cholesterol and glucose levels, as well as resting arterial diameter. The key parameter of interest, EDD (expressed as % dilation of brachial artery), was significantly lower in the overweight compared with the control children (6.672.3 vs 9.773.0%; Po0.0001) (Figures 1 and 2a) , but NTG-induced dilation was similar between groups (Table 2) (Figure 2c ). Carotid IMT was significantly greater in overweight (0.4970.04 mm) than in control children (0.4570.04 mm) (Figure 2b ). BMI (beta ¼ À0.65; P ¼ 0.002) but not triglycerides, insulin or body fat content was independently associated with impaired EDD on multivariate linear analysis (model partial R ¼ À0.55; Fvalue ¼ 5.2; degree of freedom ¼ 5; P ¼ 0.001). No such association was found with NTG (Table 3) .
Discussion
This study demonstrates that overweight is independently associated with arterial endothelial dysfunction and IMT in otherwise healthy children, a population in whom overweight is not confounded by coexisting risk factors such as hypertension or dyslipidaemia. These data suggest that obesity of any degree may be an independent risk factor for the development of atherosclerosis, and underscore the early age at which arterial abnormalities are demonstrable in obese children. Arterial endothelial dysfunction is an early stage in the atherosclerotic process, and is largely due to the impaired bioavailability of NO. 7, 20 As NO is not only a vasodilator but also inhibits monocyte adhesion, smooth muscle proliferation and platelet aggregation, loss of endothelial NO is believed to be a key early atherogenic event.
7 BMI tends to increase throughout life. 12, 27 In adults, obesity is regarded as a BMI over 30. In children, by contrast, Vascular dysfunction in overweight children KS Woo et al the 95th percentile for BMI in 2000 CDC growth chart is 21-23, 12 and we therefore used BMI 423 as our prospectively defined criterion for obesity, while BMIo21 was classified as the nonobese control level. All the overweight children in the present study had BMI 23-30, and hence were overweight, and are more commonly encountered, while those studied previously by Tounian et al 6 were severely obese children, with BMI430. The current study extends previous observations in adults concerning the association between obesity, insulin resistance and endothelial dysfunction, 28, 29, 30 as well as arterial intima-media thickening, 31 by demonstrating that these vascular abnormalities may be present from childhood, and in subjects in whom overweight is the only identifiable arterial risk factor. Gross obesity (BMI430) in children has been associated with increased arterial wall stiffness and endothelial dysfunction, but not carotid IMT. 6 The present study documents, for the first time, the deleterious effect of childhood obesity on both early functional and structural surrogate atherosclerotic markers. Such observations have important public health implications. The mechanism whereby obesity per se might be related to arterial dysfunction is uncertain. However adipose tissue is known to release vasoactive compounds such as leptin, 32 as well as being associated with insulin resistance, increased asymmetric dimethylarginine (ADMA), elevated postprandial triglycerides level and a low level Vascular dysfunction in overweight children KS Woo et al chronic inflammatory state, as evidenced by increased levels of C-reactive protein and interleukin-6. 33 Although both blood insulin and triglycerides were higher in obese children compared with the controls, both factors did not turn out to be independent determinants of arterial dysfunction on multivariate analysis. Limitations of the current study include the possibility of a selection bias in the recruitment process and the presence of unmeasured differences between the overweight and control children, such as blood inflammatory markers, increased ADMA and leptin levels. Elevation in leptin has been associated with impaired vascular function in experimental mice models 34 and obese adolescents, 32 independent of the metabolic and inflammatory disturbances. A broad CDC BMI cutoff standard for overweight in children of 9-12 y were adopted. Ideally and technically more appropriate, agespecific cutoffs should have been used. However, given the strength of our findings, one would not expect the results to be substantially changed then. The mean reactive hyperaemia of the nonobese and overweight children were similar on release of forearm compression, signifying that the the different thickness of forearm fat did not impinge upon the different EDD results. Moreover, we have only used brachial artery dysfunction as a marker of early vascular disease in these young subjects, although arterial endothelial function as measured in a peripheral vessel such as the brachial artery correlates well with coronary endothelial function, 21 and is also associated with the degree of coronary atherosclerosis. Both endothelial dysfunction and carotid IMT have also been shown to be predictive of cardiovascular event rates, in prospective studies. 8, 22 Sedentary habits and a lifestyle lacking in exercise are becoming increasingly prevalent worldwide. Almost half of the young people aged 12-21 y fail to engage in vigorous activity on a regular basis in the USA, and one in four children gets no physical education in school at all. 35 At the same time, children and adults have become accustomed to bigger and less healthy meals, resulting in an epidemic of obesity. In 1991, only 12% of Americans were considered obese and 44% overweight; by 1998, these numbers had increased to 20 and 54% respectively. 35 It has been estimated that overweight accounts for more than 300 000 premature deaths in the USA alone every year. 2 These alarming statistics are extending to progressively younger age groups, with now one in 10 American and British children being obese and the prevalence of overweight extending beyond industrialised nations, with a rapidly increasing prevalence of obesity in Asia and the developing world. 36 These factors are important contributors to the major public health problems of diabetes mellitus and coronary artery disease affecting countries such as China. 37 It is currently estimated that 250 million people in the world are obese, 38 with the increasing prevalence of obesity leading to major effects on health care costs. 39 The documentation of arterial dysfunction and thickening in overweight but otherwise healthy children underscores the importance of controlling childhood obesity for atherosclerosis prevention. As medical treatment of obesity remains difficult, further studies are needed and underway in our institute, 40 and elsewhere, to confirm whether nonpharmacological measures such as diet and exercise can reverse such obesity-related arterial dysfunction and eventually reduce cardiovascular event rates.
